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Further valuable information could be obtained
from measurements in considerably higher fields.
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The disaccommodation technique was used to determine the activation volumes of carbon dif-
fusion AV of a Fe—1.4 wt% Si alloy, of hcp cobalt, and of nickel at the temperatures of -21, 75,
and 110 °C, respectively. The obtained values of AV are +0.3 + 0.3 and -0.6 + 0.9 cm® mole-!
for the two relaxations observed in the Fe-Si alloy, -1.7 + 2.0 and -0.5 £ 0.2 cm® mole! for the
two relaxations observed in hep cobalt, and 1.2 £ 0.1 cm® mole™! for nickel. These results are
discussed in terms of a continuum model that interprets the activation energy of diffusion as a

sum of the strain and exchange energies.

It is found that in ferromagnetic solids the activation

volume of diffusion is essentially controlled by the ferromagnetic anharmonicity.

I. INTRODUCTION

The activation volume of diffusion AV is the
volume change of a crystal that occurs as the dif-
fusing species performs one elementary diffusive
jump. In the case of substitutional and self-dif-
fusion, AV is the sum of the activation volumes of
formation AV, and migration AV,, whereas AV
= AV, for impurity interstitial diffusion and dif-
fusion by an exchange-type mechanism. On the

basis of a hard-sphere model, ' AV would be ex-
pected to be positive and of the order of the atomic
volume of the diffusing species . While negative
activation volumes are inconsistent with the hard-
sphere model, it is conceivable that AV, <0 for
vacancy-type defects if the lattice relaxation around
the defect is sufficiently large.! The activation
volume of migration, on the other hand, should not
be negative, as this would require that an inward
relaxation is associated with the elementary dif-
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fusive jump. There is, however, one case where

a negative, although very small, activation volume
of migration has been observed, namely, for N dif-
fusion in @ - Fe at —20°C.2 In addition, AV, for

C diffusion in @ - Fe in the same temperature range
is essentially zero®? which is equally incompatible
with the hard-sphere model.

In scanning the available data on the pressure
dependence of diffusion, it can be seen that the two
specific cases mentioned are the only ones deviating
grossly from the rule AV=~Q. It is also seen that
these are the only two cases pertaining to a ferro-
magnetic solid. In order to determine whether or
not this latter fact is significant, the pressure de-
pendence of interstitial diffusion in other ferro-
magnetic solids was investigated. Most activation
volumes obtained are in disagreement with the rule
AV, ~ §; some are negative. These results will
be interpreted in terms of a continuum magnetic
energy model, which is an analog of the known
continuum strain-energy model. 4

II. EXPERIMENTAL TECHNIQUES

The compositions of the alloys investigated are
given in Table I. Details on the preparation of the
alloys can be found in the references given in this
table. The samples were prepared by suitably
carburizing high-purity starting materials. All
samples investigated were cylindrically shaped
and about 0.1 in. diam and 13 in. long.

The pressure dependence of the carbon diffusivity
was investigated by measuring the relaxation time
of the defect redistribution. This time was deter-
mined by the disaccommodation technique. Disac-
commodation is the effect of a decrease of the
initial permeability of a ferromagnetic material
following demagnetization.
lent to the well-known anelastic technique for the
study of point defects. The difference is that in
the course of an anelastic experiment the defects
redistribute with respect to the applied stress field
whereas they redistribute with respect to the in-
trinsic magnetic field as the disaccommodation
proceeds. Further information on the disaccom-
modation phenomenon in general can be found in a
suitable monograph.® The specific disaccommoda-
tions due to carbon redistribution in Ni, " hep Co, ¢
and « - Fe - Si® have been described elsewhere.

The centerpiece of the apparatus consisted of a

TABLE I. Carbon contents of investigated alloys.
Alloy Carbon content Ref.
wt%)
Fe-1.4 wt% Si-C 0.003 5
hep Co-C 0. 37 6
Ni-C 0.31 7

This technique is equiva-

KEISER 3

conventional Cu-Be high-pressure vessel® which
housed the solenoid used to determine the initial
permeability of the samples. The design pressure
of the vessel was 10 kbar. A mixture of one part
kerosene and two parts Diala AX oil was used as

a pressure transmitting fluid. Electrical and
thermocouple feedthroughs were made by brazing
No. 30 sheathed wires to the Cu-Be closure plug. !°
For heating, No. 16 Nichrome-V sheathed wire
was incorporated into the Cu-Be pressure vessel.
These heaters were arranged in such a way that the
magnitude of the dc magnetic field attending the
heating current was minimized. In conjunction
with the magnetic shielding placed directly around
the solenoid to reduce the earth’s magnetic field,
this arrangement of the heaters resulted in re-
sidual dc magnetic fields of less than 1.5 mOe at
the location of the sample.

Tight pressure and temperature controls were
required to determine the small-pressure depen-
dence of the relaxation times with reasonable pre
cision. Standard control equipment employing
thermocouple sensors was used to heat the Cu-Be
vessel to the desired temperature and maintain
this temperature. In order to maintain tempera-
tures below ambient, the vessel was placed in a
freezer and backheated by the temperature con-
troller. The sample temperature itself was deter-
mined by a Cu-Constantan thermocouple located
inside the Cu-Be high-pressure vessel. At this
position, the temperature was kept constant to
+0.02 °C for temperatures above and +0.04 °C
for temperatures below ambient. The pressure-
generating equipment consisted of a commercially
available pump and intensifier. An aged manganin
resistor housed in a separate vessel was used as
a pressure gauge. The resistance of the gauge
was determined by a Wheatstone bridge, the out-
put of which was fed in a controller which operated
a pressure transducer. This transducer in turn
regulated the air pressure driving the primary
pump. In this way, a pressure could be “dialed”
and controlled by selecting a suitable combination
of reference resistors of the Wheatstone bridge.
The solid-liquid transformation of mercury was
used for the calibration of the manganin gauge. !
An analysis of the calibration procedure yielded
an accuracy of the pressure readings of better
than 4.1%. Using this control equipment, the pres-
sure was kept constant to better than + 4 bar up to
pressures of 6 kbar.

III. RESULTS

The results of this study are presented in Figs.
1-4 and in Table II. A typical plot of the time de-
pendence of the inverse of the initial permeability,
the reluctivity », of the Ni-C alloy measured at
110 °C is shown in Fig. 1. In this figure both co-
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FIG. 1. Normalized reluctivity as a function of the
logarithm of the normalized time of a Ni-0.31 wt% C
alloy measured at 110 °C at various pressures. Defi-
nition of symbols: squares, ambient pressure; circles,
0.94 kbar; exes, 1.87 kbar; triangles, 2.83 kbar;
stars, 3.74 kbar.

ordinates are normalized so that the data taken at

all pressures can be compared to one master curve.

This master curve was calculated by using average
values for the relaxation amplitude and half-width.
The relaxation amplitudes [7() - #(0)], and times
7, as well as the half-widths B, of the assumed

In (7,/7,)

P (kbar)

FIG. 2. Pressure dependence of the relaxation time
of carbon redistribution in a Ni-0. 31 wt% C alloy
measured at 110°C. T, is the relaxation time at
pressure p and 7, the relaxation time at ambient
pressure.

Gaussian distribution of the relaxation times were
obtained from a least-squares analysis of the disac-
commodation data in terms of a sum of exponentials.
This procedure has been described elsewhere. 8

In essence, it consisted of an iterative minimiza-
tion of the linearized variance. It can be seen from
Fig. 1 that the master curve represents the data
points satisfactorily.

The relaxation times obtained in the manner
described and normalized to the time observed at
ambient pressure are plotted semilogarithmically
in Figs. 2-4 as a function of pressure for the
three alloys investigated. The subscripts 1 and 2
on the ordinates of Figs. 3 and 4 refer to the short
and long time components of the disaccommodations,
respectively. In the case of the Fe-Si-C alloy, the
short time component is due to the redistribution
of carbon interstitials having only iron nearest
neighbors, whereas the long time component is due
to the redistribution of interstitials having also
Si neighbors.® The modes of redistribution in the
hep Co-C alloy are not known.® The error limits
represent the 95% confidence limits of the least-
squares analysis. The temperature varied from
run to run by as much as 0.1°C. Therefore, all
relaxation times presented in Figs. 2-4 were re-
duced to the temperatures at which the run at am-
bient pressure was performed. The reduction
factors were calculated from the known activation
energies of redistribution of the interstitial-type
defects investigated. No significant changes of 8
as a function of pressure were observed. The pres-
sure dependences of the Ni-C and Fe-Si-C disac-
commodations were only determined up to about 4
kbar because of the reduction of the yield strength
of Cu-Be alloys above 100 °C, and because thepres-
sure-transmitting fluid became very viscous above

P (kbar)

FIG. 3. Pressure dependence of the relaxation time
of carbon redistribution in a Fe-1.4 wt% Si - 0. 003
wt% C alloy measured at —21°C. T, is the relaxation
time at pressure p and 7, the relaxation time at ambient
pressure.
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FIG. 4. Pressure dependence of the relaxation time
of carbon redistribution in a hep Co-0.37 wt% C alloy
measured at 75°C. 7, is the relaxation time at pressure
p and 7, the relaxation time at ambient pressure.

4 kbar at - 21 °C.
As will be seen below, the activation volume of

diffusion is given by

| eo

_(24¢
av= (3P )M,T ’
where A¢ is the free activation energy of diffusion.
In conjunction with the Arrhenius equation for the
relaxation time,
-1 _A®/RT

T=Vg €

This yields for the activation volume of diffusion

AV:RTF%;‘T")]M.T . (1)

The pressure dependence of the attack frequency
was neglected as it has been shown that its contri-
bution to AV is minor.! The solid lines in Figs.
2-4 represent least-squares fits of the calculated
relaxation times to Eq. (1). The resulting activa-
tion volumes of diffusion are collected in Table II
in the column AV,,:. Again, the error limits are
the 95% confidence limits as obtained from this
analysis. It can be seen that within the error
limits, nearly all relaxation times fall on the
calculated straight line. The exception is the
short-time relaxation time for carbon redistribu-
tion in cobalt indicated by the subscript 1 in Fig.

4, Similarly, unsatisfactory results were obtained
for this relaxation previously® despite considerable
efforts to achieve better reproducibility. The
reasons for this lack of quality are not known.
Table II also contains values of the activation
volume of carbon diffusion in Fe determined by
different authors. It can be seen that within the

TABLE II. Activation volumes of interstitial diffusion in ferromagnetic metals and alloys.

Metal Interstitial AG T 67 (Ref. 12) AV (Ref. 4) AV, AVegpt
(kcal/mole) (°K) (10~"bar™) (cm®/mole) (cm®/mole) (ecm?®/mole)
Fe C 19.2 250 -8.5 1.3 -0.7 0.037 +£0.033
(Ref. 13) (Ref. 2)
250 0.0 0.1
(Ref. 3)
1000 not available 11.3 (Ref. 14)
N 18.4 240 -8.5 1.2 -0.6 -0.040 £ 0.035
(Ref. 13) (Ref. 2)
Fe-Si Cc(Q) 19.2 252 -8.5% 1.3 -0.7 +0.3 £0.3
(Fe-C-Fe) (Ref. 13)
C(2) 19.6 252 -8.5% 1.3 -0.7 -0.6 £0.9
(Fe-C-Si) (Ref. 5)
hep Co Cc() 26.7 348 -7.5P 1.7 -0.8 -1.7 x£2.0
(Ref. 6)
C(2) 25.9 348 -7.5P 1.6 -0.8 -0.5 £0.2
(Ref. 6)
Ni (6] 32.2 383 -9.8 2.5 -1.4 1.2 0.1
(Ref. 7) (Ref. 15)

21t is assumed that 67 for the Fe-Si alloy is equal to
6p of iron.

bu;‘ (00,/9p) 7 for polycrystalline and « for fcc cobalt
(Ref. 16) were used.
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error limits stated, the activation volumes deter-
mined in this work are in agreement with those.

IV. DISCUSSION

The experimentally obtained activation volumes
AVt are activation volumes of defect redistribu-
tion and not necessarily equal to the activation
volumes of diffusion or long-range migration. In
the case of Fe-C!® and Ni-C!" alloys, it has been
shown that the activation energies of carbon-de-
fect redistribution are equal to the activation ener-
gies of diffusion. This is not necessarily the case
for the redistribution of carbon interstitials in
Fe-Si sites and in hep Co.'® I this section we
will ignore this possibility and use the term activa-
tion volume of diffusion.

An inspection of the activation volumes AV,
listed in Table II shows that some of them are dis-
tinctly negative. This result is in disagreement
with the rule AV~ mentioned in Sec. I; further-
more, it can not be reconciled with any model
based on considerations of the strain energy alone.
The strain-energy models, on the other hand, are
fairly successful in calculating activation volumes
of diffusion in nonferromagnetic solids.* This ob-
servation leads to the conclusion that the strain-
energy model does not apply to ferromagnetic
materials. Therefore, in the following an alternate
model will be proposed for this class of solids.

All models that have been made in the past with
the goal of calculating diffusion parameters are
equilibrium models. While such an approach is
conceptually not satisfying, !*2° the results of the
equilibrium models*® 2+22 ggree reasonably well
with experimental observations. This in itself
justifies this approach. Therefore, equilibrium
thermodynamics will be used in this discussion.

In addition, it will be assumed that the defect
properties are essentially determined by the macro-
scopic properties of the host solid.

In ferromagnetic solids it is appropriate to con-
sider the free energy

¢(P, T, M)=VP - ST + HM.
The free energy of activation is then given by
¢ -p=(V' =V)P-(S'-S)T+(H -HM,

where the unprimed and primed quantities refer to
the equilibrium and activated states, respectively.
The equilibrium state is subject to constraints
which eliminate one degree of freedom.? Tradi-
tionally, this equation is written as

A¢p =AVP - AST + AHM .

Consequently, the activation volume of diffusion is
given by

AV:%?)T.M '

This expression is equivalent to the empirical re-
lationship between the activation energy and entropy
originally proposed by Zener, and which has re-
cently been put on a sounder basis. 2*

An estimate of the activation volume of diffusion
must start with the question of the nature of A¢.
If A¢ is essentially a strain energy, it may be ex-
pressed by

Ad,=1VC(A€)?

where C is a suitable shear modulus and A€ signi-
fies the deformation of the crystal characteristic of
the activated state. If A€ is independent of pres-
sure, it follows that the activation volume is given
by the pressure dependence of the shear modulus.
Expressed in terms of the Griineisen parameter,
the result is?

AV,= 2(v - %)KA¢ s

where v is the Griineisen parameter, k the com-
pressibility, and A¢ the free activation energy of
diffusion. The values of AV, of the alloys investi-
gated in this study are listed in Table II. More
sophisticated strain-energy models® yield similar
values for close-packed structures, but smaller
values for more open structures such as the bce
structure.

As mentioned above, for ferromagnetic solids
the assumption A¢ =~ A¢, is questionable; rather
A¢ should be given by the sum of the strain and
magnetic energies. The latter is, in turn, the
sum of the magnetoelastic, the anisotropy, and
the exchange energies. Hence,

Dpm=A0ds+ Ao + Aday + A‘ng .

The three magnetic terms will contribute to AV,
in proportion to their pressure derivatives and
their absolute values. The contribution of the
anisotropy energy can thus be neglected because
AQay << Ade,, and since the pressure derivatives of
the anisotropy and exchange energies are of com-
parable magnitude. ! Therefore, the activation
volume of diffusion of a ferromagnetic solid is
given by

A 8AP 8AP
={=—==s —=rmel —Zrex .
AV C’P )M,T +( opP )M.T +< 8P )M,T

The leading terms of the series expansions of A¢,
and A¢, are quadratic and linear in the deforma-
tion parameters, respectively. The variation of
Ao, with the deformation parameters is not pre-
cisely known. It is known, however, that the fer-
romagnetic-exchange interaction depends very
sensitively on the interionic distance, i.e., the
leading term in the series expansion of A¢,, de-
pends stronger than quadratically on the deforma-
tion parameters. Therefore, to a first approxima-
tion the first two terms in the above equation may
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be neglected yielding

_(28%es
AV,,,~< = )M,T .

Since, A¢.=VHAM, it follows that

aH

. -1
AV,,,—[ K+ (AH) (aP M'T] VHAM .

The quantity AM is the difference of the saturation
magnetization of the crystal in the activated and
equilibrium states, respectively. It is, like Ac

in the strain-energy model, a quantity character-
istic of the activation process and may be treated
as a constant at temperatures sufficiently below the
Curie temperature. The energy VHAM comprises
a certain fraction of the free activation energy A¢,

VHAM=6,A¢, 036,51.
Taking into account that

1 aH) . f%H 8M> _
— == H(— — M=xH
H (aPM M )p o \0P ) yr " X
and

[ 80 ) . <8M)
1 220) = =29 g
o
0 (ap Ly %\ep ),
where o, is the saturation magnetization per unit

mass, the activation volume of diffusion of a fer-
romagnetic solid is given by

9
AV, = {a;‘(—a—(;—} ) T+2x] 5,00 .

Upper limits (6;=1) of AV,, for the alloys of in-
terest are listed in Table II in which the abbrevia-

tion

2]
b6p=— [0'51<51%Q>q+ ZK] .

is used. In calculating 5,, room-temperature values
of the pressure dependence of the saturation mag-
netization and the compressibility were used.

Hence, the fact that the disaccommodation runs
were made at temperatures different from room

M. WUTTIG AND J.
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temperature was neglected. This approach is
justified as the temperature corrections would be
small and therefore need not be considered in this
approximation.

None of the experimentally determined activation
volumes AV,,., is equal to either of the limiting
values AV, or AV,, listed in Table II. In view of
the many approximations made, close agreement
of AV, With either AV or AV, cannot be expected.
However, it can be seen from Table II that

AV, S AV S AV,

in all cases but one.?® This might reflect the fact
that in ferromagnetic solids the activation volume
is composed of two terms:

AVt =(1 = 8)AV,+8AV,, .

The constant § indicates to what extent the “fer-
romagnetic anharmonicity” controls the activation
process. Values of § for the three ferromagnetic
metals may be calculated from Table II. The re-
sults of this calculation in which only the most re-
liable values of AV,,,, were used for each metal are

6pe~0.7, 86c,~0.9, 5y,~0.3.

The present approach represents in effect a fer-
romagnetic Griineisen continuum model. There-
fore, the absolute magnitudes of & should not be
taken too seriously. It is interesting to note,
though, that 6 is roughly proportional to the satura-
tion magnetization as it should be. All values of
§ are much larger than would be expected from a
comparison of the magnitudes of the exchange and
activation energies. This confirms qualitatively
the assumption of the controlling influence of the
“ferromagnetic anharmonicity” on the activation
process made in the beginning of this discussion.
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The compound RbMnCl; is paramagnetic at room temperature and belongs to the space group
Dé,,—PG,,/ mmc with six molecules per unit cell. Neutron diffraction of RbMnCl;-powder sample

was studied as a function of the sample temperature.

A transition to antiferromagnetism was

found at Ty~ 94°K, The magnetic structure determined from the diffraction pattern at 4.2 °K
consists of ferromagnetic planes stacked in the sequence A(+), B(-), B(+), A(-), C(+), C(-),

along the ¢ axis,

Spin direction is perpendicular to the ¢ axis, defining an infinite number of

structures which belong to a two-dimensional irreducible representation I} of D§,. Two dis-
tinctly different structures of orthorhombic symmetry, Cm’c’m and Cmcm, span the subspace

of this representation and are consistent with the diffraction data.

Dipolar energy calculations

show that the direction perpendicular to the Z direction is of lower dipolar energy than that
parallel to 2. The existence of a spin component perpendicular to £ is also confirmed with
the aid of an external magnetic field. A magnetic moment of 4.1 p g is calculated for the Mn®

ion from the diffraction pattern at 4.2 °K.

INTRODUCTION

The compound RbMnCl; was previously investi-
gated by means of x rays,'™® and by paramagnetic
and antiferromagnetic resonance. #° It was report-
ed"? to be of the hexagonal BaTiO, type, which be-
longs to the space group D}, — P6;/mmc, with six
formula units per unit cell. (a,=17.164, c,=17.798,
Co/@y=2.484"; ay=".165, c,=117.815, co/a,=2.486.%
These values are in agreement within their ercor
limits.) The six magnetic ions in this structure oc-
cupy the 22 and 4f sites (Fig. 1). According to
Tiskhchenko,? RbMnCl; belongs to the same space
group, but has only two formula units per unit
cell, and therefore is of the CsNiCl; type. We shall
see below that our data are consistent with the
BaTiO;-type structure and are inconsistent with the

CsNiCl;-type structure. RbMnCl; was reported to
be antiferromagnetic! with the spins of the Mn®* ions

z

COORDINATES ~ SITE  PLANE
P

H1© V3 2/3 5/6 4f Cl-)

- 32/3 23 4f Cl+)
s 0 0 12 2a Al-)
oy 2/31/3 1/3 4f B(+)
F— | 433 Ve 4f B(-)

- 000 2a Al+)

FIG. 1. Positions of Mn? jons in the unit cell, A,
B, C denote the threefold axes on which the ions are

‘placed.



